The hydrolysis mechanism and the kinetics of using 2-dinitromethylene-5,5-dinitropyrimidine-4,6-dione (NMP) to prepare the representative insensitive energetic material 1,1-diamino-2,2-dinitroethylene (FOX-7) in a nitric-sulfuric acid system are systematically investigated via a density functional theory (DFT) method. The impact of the co-existing acidic group of HSO 4 À as well as the solvent effects of the mixed acids on the hydrolysis of NMP are elucidated and discerned, and the proposed catalysis and promotion of the hydrolysis of NMP with HSO 4 À are verified. The HSO 4 À -catalyzed hydrolysis pathway is more favorable than the direct pathway as well as the H 2 O-catalyzed hydrolysis, indicating that HSO 4 À may be a promising catalyst for the preparation of FOX-7 in a mixed acid system. The present study is expected to provide a better understanding of the hydrolysis of NMP, and will significantly help with better preparation of FOX-7 and other nitro-energetic materials.
Introduction
The special signicance and importance of energetic materials in military affairs along with their severe defects and hazards leading to accidental casualties during production, transportation, storage and application have spurred numerous attempts to develop better substitutes, insensitive energetic materials (IEMs), for traditional materials. [1] [2] [3] Due to its distinctly high threshold towards impact and friction along with its comparable explosiveness to the traditional energetic materials currently used, 1,1-diamino-2,2-dinitroethylene (FOX-7) has been suggested as a promising candidate as an IEM and has been extensively studied in recent years, including its synthesis method, 2-6 molecular/crystal structure, 7 thermodynamic properties, 8 performance as an explosive, 9 thermal decomposition 10 and other characteristics.
11 However, the synthesis mechanism for FOX-7 has been seldom reported. It is known that FOX-7 can be prepared from several nitrogen-containing compounds via a batch process in a nitric-sulfuric acid (mixed acid) system. When 2-methyl-4,6-dihydroxypyrimidine (MDP) is used as the reactant, the preparation process involves nitration of MDP followed by further hydrolysis of the nitration product of 2-dinitromethylene-5,5-dinitropyrimidine-4,6-dione (NMP). [3] [4] [5] The preparation strategy for FOX-7 is shown in Scheme 1.
Recently, we employed a density functional theory (DFT) method to elucidate the nitration of MDP in the mixed acids, in which a coexisting HSO 4 À induced/promoted nitration mechanism was presented, via which the formation of the key intermediate NMP was discerned. 12 Such induction/promotion of HSO 4 À was also illustrated in the nitration of triazol-3-one (TO). (in Angstroms) of FOX-7 using multiple methods; the calculated single point energy and activation free energy (DG s ) using multiple methods for the rst step in the direct hydrolysis of NMP in the formamide phase; the optimized geometries of reactant NMP; potential energy diagrams for the internal rotation of the dihedral angles in NMP; the optimized geometries of species in the direct hydrolysis of NMP calculated at the B3LYP/6-311G(d,p) level with the CPCM model in the gas, formamide, and DMSO phases; the optimized geometries of species in H 2 O catalyzed hydrolysis of NMP calculated at the B3LYP/6-311G(d,p) level with the CPCM model in the gas, formamide, and DMSO phases; the optimized geometries of species in HSO 4 À -catalyzed hydrolysis of NMP calculated at the B3LYP/6-311G(d,p) level with the CPCM model in the gas, formamide, and DMSO phases; the optimized geometries of species in HSO 4 À -catalyzed decomposition of DMA calculated at the B3LYP/6-311G(d,p) level in the gas, formamide, and DMSO phases; a schematic energy diagram of the corresponding direct decomposition process of DMA obtained in the gas phase; relative energies of species in the decomposition of DMA in the gas, formamide, and DMSO phases; the activation (free) energies for the hydrolysis paths A to C in the gas, formamide, and DMSO phases; the calculated dipole moments (m, in debye) of the rate-determining step for direct hydrolysis path A using multiple methods; the calculated TST/Eckart rate constants (s À1 ) of each elementary reaction for hydrolysis of NMP in the temperature range of 233-400 K; structural and energetic information. See DOI: 10.1039/c7ra12605k
Moreover, the impact of the solvent effects of the mixed acids on nitration was also studied. 12 Koleva et al. 14 suggested that formamide as well as dimethylsulfoxide (DMSO) may be used as a model solvent for the nitration in the mixed acids system. By comparing the calculated activation free energy (DG s ) in the formamide, DMSO, and gas phases, we found that the solvent effects on the nitration of MDP may be inapparent/weak.
12 Based on such calculations, we suppose that the coexisting HSO 4 À may also assist the hydrolysis process of NMP. However, to the best of our knowledge, no detailed understanding is available on the hydrolysis of NMP in the mixed acid system. In the present work, the hydrolysis of NMP in a mixed acid system is systematically investigated via a quantum chemistry method. Firstly, the hydrolysis mechanism is elucidated, via which the impact of the co-existing acidic group of HSO 4 À as well as the solvent effects of the mixed acids on the hydrolysis of NMP is demonstrated and understood. Secondly, the hydrolysis kinetics of NMP in the mixed acids are also studied, through which the proposed special promotion of HSO 4 À on the hydrolysis of NMP is veried. The present study is expected to provide a better understanding of the hydrolysis of NMP, and will signicantly help with better preparation of FOX-7 and other nitro-energetic materials.
Theoretical methods
Most of the computational details in the geometry investigation in the present work are very similar to those in our recent report. 12, 13 The calculations were carried out using the Gaussian 09 soware package. 22 DFT-B3LYP/6-311G(d,p) 23, 24 has been used in similar systems. 12, [25] [26] [27] [28] The accuracy of this method was evaluated and veried, as shown in the ESI (Table S1 ). † Thus, B3LYP/6-311G(d,p) was intentionally employed to optimize the geometries of the reactant complexes, transition states, intermediates and products of the hydrolysis of NMP. B3LYP/6-311G(d,p) was also used to compute the vibrational frequency, via which whether the obtained structures were those of the transition states or local minima points was veried, and based on which the zero-point vibrational energy (ZPE) was calculated. Intrinsic reaction coordinate (IRC) 29 analysis was performed to ensure that the structure of every transition state obtained does connect the corresponding reactant and product. Additionally, the conductor-like polarizable continuum model (CPCM) 30, 31 was used to evaluate the solvent effect of the reaction medium.
Based on the optimized geometries, the single-point energies of the rst step in the direct hydrolysis of NMP in the formamide phase were estimated using DFT functions (B3LYP-D3, 32, 33 M06-2X-D3, M06-HF-D3, and BP86 with 6-311++G(3df,3pd)), double hybrid function B2PLYP/aug-cc-pvdz, and CCSD(T)/6-311G(d,p) so as to determine a suitable method (Table S2 † indicating that the accuracy as well as the reliability of the former two methods is comparable to that of the latter two methods. Therefore, B3LYP-D3/6-311++G(3df,3pd)//B3LYP/6-311G(d,p) was intentionally used to calculate the single-point energies due to its relatively high efficiency. All the kinetic calculations were performed using the VKLab program. 34 The rate coefficients of conventional transition state theory were calculated with an asymmetric Eckart tunneling correction (TST/Eckart) 35 for every elementary reaction in the titled reaction in the temperature range of 233-400 K.
Results and discussion
It has been reported that solvent effects in the mixed acid system may be fairly weak.
12 Thus, the hydrolysis mechanism of NMP in the gas phase is mainly discussed in the present work though the solvent effect is also explored to understand the impact of the reaction medium on the titled hydrolysis system. Moreover, it is known that FOX-7 and 2,2-dinitromalonic acid (C(NO 2 ) 2 (COOH) 2 , DMA) may be simultaneously produced during the hydrolysis of NMP. The experimental results [2] [3] [4] [5] [6] show that DMA may further decompose aer it is produced. This subsequent decomposition of DMA was also investigated besides the hydrolysis of NMP in the present work.
Hydrolysis mechanism of NMP in the gas phase
Three possible reaction paths are proposed and discussed based on the catalyst considered in the present work. The direct hydrolysis mechanism, in which no catalysis was taken into account, is denoted as path A. In view of the fact that the addition of water in the later synthesis stages may distinctly increase the yield of FOX-7, 6 water may thus play an important role during the titled hydrolysis. The water-catalyzed hydrolysis pathway is denoted as path B. Herein, we propose that the coexisting acidic group of HSO 4 À may signicantly promote/ catalyze the hydrolysis of NMP. This HSO 4 À -catalyzed hydrolysis pathway is denoted as path C. A schematic depiction of the hydrolysis mechanism of NMP is shown in Scheme 3. The relative energies (DE) and free energies (DG) for all the possible hydrolysis paths are listed in Table 1 .
3.1.1 Direct hydrolysis. The potential energy diagrams for the internal rotation of lateral -NO 2 in C10 and C4 in NMP predict that the torsional dependencies of the lateral groups may be fairly weak during the hydrolysis of NMP (Fig. S1-S3 †) . The optimized geometry of NMP is used as the starting geometry ( Fig. S1 †) to elucidate the reaction mechanism. The optimized geometries and corresponding potential energy proles (gas phase) in the direct hydrolysis pathway (path A) are shown in Fig. S4 † and 1(a).
As shown in Fig. S4 , † in the rst hydrolysis step of NMP, a complex with one NMP molecule and one H 2 O molecule (A-IM1) forms aer the H 2 O molecule approaches the C3 atom in NMP. Clearly, the stability of A-IM1 is higher than that of the sum of its monomers (DE ¼ À7.95 kcal mol
À1
, as shown in Table 1 ). Meanwhile, the free energy of A-IM1 is higher than that of the sum of its monomers (DG ¼ 1.73 kcal mol À1 ) possibly due to the contribution of entropy to the free energy. Fig. 1(b) . The corresponding optimized geometries are shown in Fig. S6 . † The corresponding potential energy surfaces are shown in Fig. 1(c) .
As can be clearly seen in Fig. S6 † and 1(c) , aer H 2 O$HSO 4 À approaches and combines with NMP, complex C-IM1 spontaneously forms. The free energy was found to decrease by 22.22 kcal mol À1 . In view of the steric hindrance in the rst hydrolysis step in path C, it is supposed that the addition of O25 in the hydroxyl group to C3 and that of H27 to N6 may occur separately, differing to that of the rst hydrolysis step in path B. C-IM2 is formed via the transition state C-TS1 with a DG s value of 10.75 kcal mol À1 , in which the addition of O25 to C3 may be aided by the H-abstracting process. Aer C-IM2 is transformed to C-IM3, the addition of H27 to N6 (C-IM3 / C-IM4) occurs in a barrierless way via an eight-membered transition state C-TS2, resulting in the formation of C-IM4.
In the second hydrolysis process, the addition of O27 in the hydroxyl group to C1 (C-IM5 / C-IM6) and that of H28 to N5 (C-IM7 / C-IM8) also occur separately. ). Such a dramatic decline in the free energy barrier clearly demonstrates the efficiency of the HSO 4 À catalyst. Here, we suppose that HSO 4 À may greatly assist and accelerate the breaking of the O-H bond in the water molecule as well as the H-transfer process, and thus effectively catalyze and promote hydrolysis of NMP. It was observed that the yield of FOX-7 can be distinctly increased when water is added in the later stages of its preparation in the mixed acid system. Such an increase was also observed by Mandal et al. 5 and Latypov et al. 6 With the view that the catalysis of water is minimal during hydrolysis, the observed increase in the yield of FOX-7 may be predominantly derived from enhanced dissociation of the concentrated H 2 SO 4 and the resulting increase in HSO 4 À in the hydrolysis system, in which, though the catalysis of water may also exist and play a role, the catalysis of HSO 4 À may be of the most importance during the hydrolysis process.
The decomposition mechanism of DMA in the gas phase
It was reported that CO 2 as well as CH 2 (NO 2 ) 2 was detected during the decomposition of DMA. 5, 6 The decomposition mechanism of DMA was investigated. We suggest that HSO 4 À may also catalyze the decomposition of DMA. The optimized geometries and corresponding potential energy surfaces in the gas phase are shown in Fig. S7 † and 2 . Meanwhile, the schematic free energy diagrams of the direct decomposition in the Similarly, the H atom may also be transferred in two ways in the formation of CH 2 (NO 2 ) 2 : the direct way and the HSO 3.3 Solvation effects on the hydrolysis of NMP Koleva 14 suggested that formamide as well as DMSO can be used as the model solvent for theoretical investigation of the bulk solvent effects via CPCM 30,31 on the nitration of benzene in the mixed acid system. Model solvents such as these along with the CPCM method were employed to evaluate the solvent effects on the hydrolysis of NMP in paths A to C. The bond lengths of the relevant species in paths A to C in the formamide (f) and DMSO (d) phases are shown in Fig. S10 -S15. † The relevant free energies in paths A to C in both the formamide and DMSO phases are listed in Table 1 .
As shown in Fig. S4-S6 and S10-15, † it can be clearly seen that solvent effects impact slightly on the geometries of the species in the hydrolysis of NMP. As shown in Table S4 , † it can be seen that the changes in DG s in the solvent phases differ obviously to those in the gas phase in paths A to C, though the DG s values are quite analogous to each other in the two solvent phases. The formamide phase was mainly chosen as a model to evaluate the solvent effects on the hydrolysis of NMP, in which the dipole moments for the rate-determining steps in paths A to C are calculated using the B3LYP/6-311G(d,p) method (as shown in Table 2 ) and discussed as follows. The dipole moment of A-IM1 is 2.4 debye, calculated via B3LYP/6-311G(d,p). Identical dipole moments of A-IM1 were also obtained via B3LYP-D3/6-311G(d,p), M06-2X/6-311G(d,p), B3PW91/6-311G(d,p), and B3LYP/agu-cc-pvdz (as shown in Table S5 †). Moreover, the dipole moment of A-TS1 is 5.8 debye, which is also similar to that obtained via the other four methods (Table S5 †) . This indicates that the B3LYP/6-311G(d,p) method is reliable, and thus it was mainly employed to calculate the dipole moments in the present work.
As shown in Table 1 , the DG s value for the rate-determining step in the formamide phase is lower by 3.37 kcal mol À1 than that for the gas phase in path A. The B3LYP/6-311G(d,p) calculations shown in Table 2 indicate that the dipole moment of A-TS1 is much bigger than that of A-IM1. This implies that the solvent effect of formamide on A-TS1 is stronger than that on A-IM1, namely, the transition state A-TS1 may be better stabilized by formamide than A-IM1 is. Similarly, the solvent effect on B-TS1 may also be stronger than that on B-IM1 as the dipole moment of B-TS1 (m ¼ 7.2 debye) is larger than that of B-IM1 (m ¼ 4.2 debye). However, the dipole moment of C-TS3 (6.4 debye) is less than that of C-IM5 (9.0 debye), indicating that the stabilization of the solvent on C-TS3 is inferior to that on C-IM5. This may answer for the calculation that the DG s value in the formamide phase is higher by 7.06 kcal mol À1 than that in the gas phase.
More importantly, as shown in -catalyzed path C is still much more favorable than the other two paths (paths A and B), whenever hydrolysis occurs in the gas or formamide phase. Fortunately, since identical results are obtained in the gas and solvent phases, it is believed that the calculations for the titled reaction in the gas phase are reliable and acceptable. Interestingly, the activation free energies and optimized geometries of the relevant species for the decomposition of DMA in the gas, formamide, and DMSO phases are quite analogous (see Table S3 and Fig. S7 , S16 and S17 †). Thus calculation in the gas phase may be reliable as is that for the kinetics of hydrolysis of NMP in the mixed acid system.
Hydrolysis kinetics of NMP
3.4.1 Effect of temperature. The kinetics of the elementary reactions in the hydrolysis paths A to C were investigated in the temperature range 233-400 K as hydrolysis is mostly performed at relatively low temperature in experiments. 2, 6 The relationship between the logarithm of the TST/Eckart rate constants for the rate-determining steps in paths A to C and the temperature is shown in Fig. 3 . The TST/Eckart rate constants for the paths mentioned above are presented in Table S6 . † The modied three parameter Arrhenius expression of the rate coefficients for every elementary reaction in the hydrolysis of NMP is summarized in Table 3 .
It can be clearly seen that the calculated TST/Eckart rate constants for the rate-determining step in the HSO ), as shown in Fig. 3 . Thus the HSO 4 À -catalyzed path C may be the most dominant path for hydrolysis of NMP in the mixed acid system, indicating that path A as well as path B is unlikely to occur within the investigated temperature range.
Moreover, it can also be seen that the rate constants for every elementary reaction slowly increase with the increase in temperature in path C (in Table S6 †), indicating that the rate constants are slightly impacted by the temperature. Therefore, to avoid loss of the targeted energetic material of FOX-7 and improve the safety of the mixed acid system, it is suggested that hydrolysis of NMP should be carried out at relatively low temperatures. Such a prediction is in good agreement with experimental observations. The overall reaction rates in paths A to C were investigated so as to evaluate the effects of the concentration of water and HSO 4 À on the hydrolysis kinetics of NMP in the mixed acid system. The overall hydrolysis rates of paths A to C can be expressed as eqn (1), (2) and (3) as follows:
where k A , k B and k C are the overall rate constants for the direct hydrolysis path A, H 2 O-catalyzed path B and HSO 4 À -catalyzed path C, respectively. The relative hydrolysis rates can be written as eqn (4) and (5) as follows:
Thus the relative hydrolysis rate of NMP depends not only on the corresponding rate constants but also on the concentrations of H 2 O and HSO 4 À . HSO 4 À is able to be easily released in diluted acids. Based on our recent work, 12 the overall formation rate of NMP can be expressed as eqn (6) .
It has been demonstrated that a higher acid concentration favours easier formation of NO 2 + and faster production of the key intermediate NMP in the mixed acid system, which may promote the nitration of MDP, benet the subsequent hydrolysis of NMP, and improve the production of FOX-7. Therefore, the acid concentration should be well balanced and optimized throughout the experiment. Latypov et al. reported that an appropriate concentration of H 2 SO 4 in the mixed acids should be 93-97%. 6 Moreover, they also found that adding a certain amount of water in the later reaction stages can improve the preparation of FOX-7. This has been proven well in our pilotscale production of FOX-7 in the mixed acid system.
Conclusions
The hydrolysis of NMP in the mixed acid system was systematically investigated in the present work. Firstly, the hydrolysis mechanism in gas as well as in the solvent phase was elucidated via which the impact of the co-existing acidic group of HSO 4 À on the hydrolysis of NMP was discerned. HSO 4 À -catalyzed hydrolysis is more favorable than direct and H 2 O-catalyzed hydrolysis since HSO 4 À may dramatically decrease the free energy barrier and effectively promote the hydrolysis of NMP. Moreover, HSO 4 À can also effectively catalyze the decomposition of DMA in the mixed acid system. This may be an additional promotion of the hydrolysis of NMP which may be partly due to the release of CO 2 shiing the chemical equilibrium of the system forward. Secondly, the hydrolysis kinetics of NMP were studied theoretically. Based on the effect of temperature on the TST/Eckart rate constants of the elementary reaction, it can be concluded that HSO 4 À may effectively accelerate the hydrolysis of NMP, and may thus act as a promising catalyst for the titled hydrolysis. Moreover, the concentration of HSO 4 À may signicantly impact the hydrolysis rates. Thus the concentration of H 2 SO 4 in the mixed acids should be optimized effectively and strictly controlled not only in the experimental preparation but also in the industrial production of FOX-7.
Since the co-existing HSO 4 À may dramatically accelerate the nitration of MDP to form NMP, and effectively promote the following hydrolysis of NMP to produce FOX-7, we rmly believe that HSO 4 À may be a promising catalyst for the preparation of FOX-7 in the mixed acid system. A catalysis and promotion such as this is also believed to be effective in other nitration systems performed in mixed acids and thus is of especially great signicance for better production of nitro-energetic materials. 
